Oxidative modification of a low-density lipoprotein (LDL) plays an important role in the initiation and progression of atherosclerosis. 1, 2) Oxidized LDL (Ox-LDL) uptake by macrophages via their scavenger receptors leads to the formation of foam cells, which accumulate lipid droplets. Accumulation of lipid constituents of Ox-LDL in the arterial intima plays a key role in subsequent atherosclerotic progression.
Asp-hemolysin is a hemolytic toxin from Aspergillus fumigatus.
3) The gene for Asp-hemolysin has been cloned and the gene sequence has been reported. 4) The sequence of the primary Asp-hemolysin gene product, predicted from the cDNA sequence, consists of 131 amino acid residues and has a molecular mass of 14275. We previously reported that Asp-hemolysin binds to Ox-LDL in a concentration-dependent manner. 5) A recent report has shown that Asp-hemolysin is a specific binding protein for Ox-LDL with high affinity (K D ϭ 0.63 mg/ml), and its binding specificity is distinct from any receptor for Ox-LDL. 6 ) Furthermore, we have also shown that Ox-LDL strongly inhibits the hemolytic activity of Asphemolysin and that the removal of lysophosphatidylcholine (lysoPC) from Ox-LDL abolished the inhibition. 7) LysoPC is generated during LDL oxidation through enzymatic hydrolysis of phosphatidylcholine (PC) by the platelet-activating factor acetylhydrolase (PAF-AH), an enzyme that is normally associated with LDL. 8, 9) Indeed, Parthasarathy et al. reported that this phospholipid hydrolysis may play an important role for recognition of Ox-LDL by macrophage receptors. 10) In this paper, to clarify the binding mechanism of Asp-hemolysin to Ox-LDL, we investigated the interaction between Asp-hemolysin and lysoPC as a typical lipid moiety of Ox-LDL. Our results indicate that Asp-hemolysin is a novel binding protein for lysoPC.
MATERIALS AND METHODS

Purification of Asp-Hemolysin
The isolation and purification of Asp-hemolysin were done as previously described. 3, 11) Briefly, the Aspergillus fumigatus Fresenius-Muramatsu strain was cultivated in Sabouraud medium at 30°C for 14 d. Saturated ammonium sulfate was added to the culture filtrate to give a concentration of 67%. Precipitates were collected by centrifugation of the culture filtrate at 10000ϫg for 30 min and then dissolved in 20 mM Tris-HCl buffer (pH 7.4). The solution was dialyzed against the same buffer and then applied to a Sephadex G-50 column. Fractions with hemolytic activity were applied to a DEAE-Sephadex A-50 column and then to a Sephadex G-75 column. Analysis of the toxin from the final Sephadex G-75 step using sodium dodecyl sulfate-polyacrylamide gel electrophoresis after staining with coomassie brilliant blue R-250 or silver nitrate gave a single band of 16 kDa.
Preparation of Lipoproteins Human LDL (dϭ1.019-1.063 g/ml) was isolated by sequential ultracentrifugation from fresh plasma collected in EDTA (1 mg/ml) as already described.
12) The protein content of the LDL was assayed using the method of Lowry et al. with bovine serum albumin as the standard.
13)
Oxidation of LDL LDL was oxidized by incubation with 5 mM CuSO 4 in phosphate-buffered saline (PBS) without EDTA at 37°C for specified time intervals at a protein concentration of 200 mg/ml. Oxidation was arrested by refrigeration and the addition of 300 mM EDTA and 25 mM butylated hydroxytoluene. The extent of oxidation was assessed by measuring the thiobarbituric acid reactive substances (TBARS) 14) and by the relative electrophoretic mobility (REM) in a 1% agarose gel compared with native LDL. The TBARS contents of 0, 0. Oxidized low-density lipoprotein (Ox-LDL) plays an important role in the initiation and progression of atherosclerosis. Asp-hemolysin, a hemolytic toxin from Aspergillus fumigatus, is a specific, high affinity binding protein for Ox-LDL. We have previously shown that Ox-LDL strongly inhibits the hemolytic activity of Asp-hemolysin, and that the removal of lysophosphatidylcholine (lysoPC) from Ox-LDL abolished the inhibition. In the present study, to clarify the binding mechanism of Asp-hemolysin to Ox-LDL, we investigated the interaction between Asp-hemolysin and lysoPC as a typical lipid moiety of Ox-LDL. Based on western blot analysis, the binding of Asp-hemolysin to LDL, oxidized for different times, depended on the lysoPC content in each Ox-LDL. In addition, the inhibition of lysoPC production in Ox-LDL by phenylmethylsulfonyl fluoride (PMSF) pretreatment of LDL resulted in a marked decrease of Asp-hemolysin binding to PMSF-pretreated Ox-LDL. Furthermore, the binding analysis of Asp-hemolysin to lysoPC using ion-exchange chromatography revealed that Asp-hemolysin directly binds to lysoPC.
tively. The REM values of 0.5, 1, 2 and 4 h Ox-LDL preparations were 1.0, 1.0, 1.4 and 1.8, respectively.
To inactivate the LDL-associated PAF-AH, LDL (200 mg/ml) was preincubated with 2, 4, 6 mM phenylmethylsulfonyl fluoride (PMSF) or its solvent (1% ethanol) for 30 min at 37°C, and then oxidized in the presence of 5 mM CuSO 4 for 4 h.
Western Blot Analysis The binding assays of Asp-hemolysin to Ox-LDLs were performed by immunoblotting. Asp-hemolysin (1 mg) was incubated with Ox-LDL (10 mg) or PMSF-pretreated Ox-LDL (10 mg) in 50 ml of PBS at 37°C for 5 h. After incubation, the reaction mixture was subjected to 4% nondenaturing polyacrylamide gel electrophoresis for separating the bound and free Asp-hemolysin. Control incubation (4 h Ox-LDL) was done without Asp-hemolysin. The gels were either stained with coomassie brilliant blue R-250 or transferred to Immobilon P (Millipore). The membrane was blocked with 5% skim milk for 2 h and then shaken with 1 : 3000 rabbit anti-Asp-hemolysin antibody for 12 h. Immunodetection using the goat anti-rabbit IgG Fc antibody and the rabbit peroxidase anti-peroxidase complex was performed with the enhanced chemiluminesence western blot detection kit (Amersham Pharmacia Biotech).
Assay and Extraction of Phospholipids from Ox-LDL Phospholipids from Ox-LDL or PMSF-pretreated Ox-LDL were extracted with chloroform/methanol (1 : 1). To 2 mg of lipoprotein in a total volume of 1.8 ml of 10 mM PBS containing 0.01 M HCl, 2 ml of chloroform and 2 ml of methanol were added. After vortex mixing for 10 s, the mixture was centrifuged at 1800ϫg for 10 min. The chloroform phase was collected and dried under a stream of N 2 . The dried lipids were redissolved in chloroform/methanol (2 : 1) and subjected to thin-layer chromatography (TLC) on HPTLC plates (silica gel 60, Merck) using chloroform/methanol/acetic acid/water (25 : 15 : 4 : 2). The bands on the TLC were visualized with primulin reagent (Wako). The lysoPC and PC zones were scraped into test tubes, and assayed for phosphorus content. The phospholipid levels were determined using a commercial kit (Wako).
Ion-Exchange Chromatography Asp-hemolysin (1.25 mg/125 ml) was incubated with 125 ml of 800 mM lysoPC (L-a-lysophosphatidylcholine, palmitoyl, Sigma) in 10 mM Tris-HCl (pH 7.6) for 3 h at 4°C and the mixtures were then applied to a DE51 (Whatman) anion-exchange column (6ϫ 40 mm). The column was washed with 10 mM Tris-HCl (pH 7.6) and then the bound Asp-hemolysin was eluted with the buffer containing 1 M NaCl. These 100 ml fractions were collected and used for the determination of protein and phospholipid. Asp-hemolysin or lysoPC was also independently applied to the same column as the control experiments.
RESULTS AND DISCUSSION
In order to gain an insight into the mechanism whereby the oxidation of LDL increases the binding activity of Asp-hemolysin, we first checked the binding of Asp-hemolysin to Ox-LDL, oxidized for different times, by western blot analysis using an Asp-hemolysin antibody. As shown in Fig. 1A , the incubation of Ox-LDLs with Asp-hemolysin resulted in the formation of an Ox-LDL/Asp-hemolysin complex with a migration corresponding to that of Ox-LDL alone. Densitometric analysis of the Asp-hemolysin/Ox-LDL complex bands indicated that the intensity of the complex bands had increased 5-, 7-, 15-and 21-fold when compared to a control with the oxidation time of 0.5, 1, 2 and 4 h, respectively (Fig.  1B) . To determine the possible components of Ox-LDL that contributed to this oxidative effect of LDL on the Asp-hemolysin binding activity, we investigated the phospholipid composition of the Ox-LDLs. The data in Fig. 1C show that the lysoPC/PC molar ratio of Ox-LDL linearly increased in an oxidation time-dependent manner. These results seem to suggest that the Asp-hemolysin binding activity to Ox-LDL is related to the extent of hydrolysis of PC to lysoPC in the Ox-LDL particle.
The treatment of LDL with PMSF before oxidation Binding of Asp-hemolysin to LDL oxidized for different times. Asp-hemolysin (1 mg) and Ox-LDL (10 mg) were incubated at 37°C for 5 h and the resultant complexes were separated on a 4% native PAGE, transferred to Immobilon P, and probed with rabbit anti-Asp-hemolysin antibody. The membrane was incubated with goat antibody to the rabbit IgG Fc and rabbit peroxidase anti-peroxidase complex. Detection was done by enhanced chemiluminescence (ECL). Control incubation (4 h Ox-LDL) was done without Asp-hemolysin. B: Densitometric analysis of bands corresponding to Asp-hemolysin/Ox-LDL complex in Fig. 1A . C: Phospholipid composition of Ox-LDL. Phospholipids from Ox-LDL were extracted with chloroform/methanol (1 : 1). The extracts were separated by thin-layer chromatography on a silica gel 60 plate using chloroform/methanol/acetic acid/water (25 : 15 : 4 : 2) and the bands were visualized with primulin reagent. Lysophosphatidylcholine (lysoPC) and phosphatidylcholine (PC) zones were scraped into test tubes, and assayed for phosphorus content. The phospholipid composition was expressed as the lysoPC/PC molar ratio. Each value is the meanϮS.D. of duplicate determinations from three separate experiments. markedly inhibits lysoPC production but not TBARS production or the Ox-LDL electrophoretic mobility. 15 ) Therefore, we next demonstrated the binding of Asp-hemolysin to PMSFpretreated Ox-LDL. As shown in Fig. 2A , the intensity of the Asp-hemolysin/Ox-LDL complex bands decreased as the PMSF concentration increased. Furthermore, to define whether this decrease in the Asp-hemolysin binding to Ox-LDL is due to the decrease in the lysoPC production in Ox-LDL, we analyzed the phospholipid composition of the PMSF-pretreated Ox-LDLs. Figure 2B shows that the lysoPC/PC molar ratio of the PMSF-pretreated Ox-LDL decreased as the PMSF concentration increased. These results suggest that the binding of Asp-hemolysin to Ox-LDL depends on the lysoPC content in Ox-LDL.
For a more direct test, we carried out a binding analysis of Asp-hemolysin to synthetic lysoPC using ion-exchange chromatography (Fig. 3) . Asp-hemolysin was preincubated with lysoPC, and the mixture was applied to a DE51 anion-exchange column. The column was washed with Tris-HCl; then the bound Asp-hemolysin was eluted with the same buffer containing 1 M NaCl. The fractions from the column were used to determine the protein and phospholipid contents. As control experiments, Asp-hemolysin or lysoPC was also independently applied to the same column; the elution of Asp-hemolysin or lysoPC, indicative of the free protein or phospholipid, peaked around fraction 28 or 8, respectively (Figs. 3A, B) . In contrast, although lysoPC of the Asp-hemolysin/lysoPC mixture was detectable as early as fraction 8, the majority of the lysoPC eluted in fractions 26-33, which corresponded to Asp-hemolysin (Fig. 3C) . These results indicated that Asp-hemolysin directly binds to lysoPC.
Our previous studies have provided evidence that Asp-hemolysin is a specific binding protein for Ox-LDL with high affinity (K D ϭ0.63 mg/ml) and that its binding specificity is distinct from any other receptor for Ox-LDL. However, the Ox-LDL component that is involved in the binding to Asphemolysin has not yet been identified. In this paper, we investigated the interaction between Asp-hemolysin and lysoPC as a component of Ox-LDL. Our results are the first indication that the altered Asp-hemolysin-binding activity of Ox-LDL may be explainable at least by alteration of the PC to lysoPC in Ox-LDL.
In conclusion, the data reported in this study provided evidence that Asp-hemolysin recognizes lysoPC. This finding not only increases our understanding of how Asp-hemolysin binds to Ox-LDL, but also provides the possibility that Asphemolysin may be a useful tool to investigate the pathophysi- 25 mg) was incubated with 400 mM lysoPC for 3 h at 4°C and the mixture was applied to an ion-exchange column. The column was washed with 10 mM Tris-HCl (pH 7.6); then the bound Asp-hemolysin was eluted with the buffer containing 1 M NaCl. These fractions were collected and used for determination of protein and phospholipid.
ological significance of Ox-LDL. Further studies are required to identify the domain of Asp-hemolysin that is recognizable for Ox-LDL.
